OBJECTIVES: Elevated serum carcinoembryonic antigen (CEA) has been reported in lung transplant candidates with idiopathic pulmonary fibrosis, but its association with waitlist mortality is not known. In this study, we evaluated the ability of the serum CEA level to predict waitlist mortality in these patients.
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a specific form of chronic, progressive fibrosing interstitial pneumonia of unknown cause that occurs primarily in adults, is limited to the lungs and is associated with the histopathological and/or radiological pattern of usual interstitial pneumonia [1] . Given the progressive and incurable nature of IPF, lung transplantation is often considered in patients with moderate-to-severe disease [2] . The clinical course of IPF is highly variable and unpredictable [3] , so predicting the risk of waitlist mortality is a challenge for clinicians.
Carcinoembryonic antigen (CEA) is overexpressed in adenocarcinomas of the colon and several other organs, including the pancreas, lung, prostate, urinary bladder, ovary and breast. It is used as a serological marker for malignant tumours [4] and in many lung transplant centres to screen for malignancy in patients who are candidates for lung transplantation [5, 6] . Given the low prevalence of solid organ malignancy in lung transplant candidates and the elevated CEA levels in patients with terminal lung disease, such as IPF, cystic fibrosis and chronic obstructive lung disease, CEA has limited value in predicting solid organ cancer post-transplant [5] . However, patients with IPF have higher CEA levels than those with other types of terminal lung disease [5] , and a correlation of IPF severity with the serum CEA level has been reported [7] . We hypothesized that the CEA level would be related to the severity and/or activity of IPF and could predict waitlist mortality in lung transplant candidates with IPF. The CEA level was measured routinely at our institution until 2014. Therefore, we conducted this study to determine whether there was a correlation between the CEA level and waitlist mortality.
MATERIALS AND METHODS

Patients
This single-institution retrospective study was conducted at the Yonsei University College of Medicine with the approval of its institutional review board (No. 4-2017-1106) . The requirement for informed consent was waived. Patients who were evaluated and listed for lung transplantation between January 2004 and December 2014 were reviewed to identify those with IPF. The diagnosis of IPF was made according to the guidelines [1, 8] .
Data collection
Clinical data were collected from electronic medical records. At our institution, patients being considered for lung transplantation are admitted for evaluation. During the study period, serum CEA was routinely measured to screen for occult malignancy at the time of evaluation for lung transplantation. Pulmonary hypertension was defined as a mean pulmonary arterial pressure > _25 mmHg using right heart catheterization or a systolic pulmonary arterial pressure > _40 mmHg using echocardiography. The 6-min walking distance (6MWD) was measured in all patients. If patients were not able to walk because of respiratory failure at the time of evaluation, the 6MWD was regarded as 0. The Gender-Age-Physiology (GAP) stage was defined as previously described [9] . The lung allocation score (LAS) was calculated based on the patient's condition at the time of lung transplant evaluation in July 2017 [10] . Survival was measured from the date of evaluation for lung transplantation to the date of death. Patients who underwent lung transplantation were censored on the date of their operation. Waiting time was measured from the date of evaluation for lung transplantation to the date of the operation.
Statistical analysis
The statistical analyses were performed using SPSS version 18.0 (IBM Corp., Armonk, NY, USA) and R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables were compared using the Student's t-test or the Mann-Whitney U-test. Categorical variables were compared using the v 2 test or Fisher's exact test. The maxstat package for maximally selected rank statistics was used to detect the optimal cut-off of CEA for waitlist mortality [11] . Using this package, the cut-off that best separates patient outcomes according to a maximum relative risk and a minimum P-value is chosen. This P-value is adjusted to account for the problem of multiple testing [12] . The survival analysis was performed using the Kaplan-Meier method, and comparisons were made using the log-rank test. The Cox proportional hazards analysis was performed to identify predictors of waitlist mortality. Variables with a P-value < _0.1 were included in multivariable analysis. Because the LAS is calculated by a multivariable model using various clinical variables including age, sex, pulmonary function test results and 6MWD, 2 multivariable models were constructed separately, i.e. a model without the LAS (Model 1) and a model that included the LAS (Model 2). The survcomp package was used for calculation of the concordance indices for each multivariable model [13] . The optimal CEA for discriminative accuracy in predicting waitlist mortality was assessed by constructing receiver-operating characteristic (ROC) curves using the pROC package. P-values less than 0.05 were considered statistically significant.
RESULTS
Fifty-nine patients of mean age 56.4 ± 7.6 years were included in the study. Forty-one (69.5%) patients were men. Forty-four (74.6%) patients had secondary pulmonary hypertension and 4 (6.8%) were dependent on mechanical ventilation. The mean LAS was 48.3 ± 10.0, and the mean CEA level was 8.0 ± 7.1 ng/ml (Table 1) . Using maximally selected rank statistics, the optimal cut-off value for CEA was 4.05 ng/ml. The patients were divided into a low-CEA group (< _4.05 ng/ml, n = 20, 33.9%) and a high-CEA group (>4.05 ng/ml, n = 39, 66.1%). According to the KaplanMeier survival model, survival was poorer in the high-CEA group than in the low-CEA group (P = 0.007; Fig. 1 ).
No variable except for the CEA level was identified as being significantly different between the low-CEA group and the high-CEA group. The 6MWD was longer in the low-CEA group than in the high-CEA group but not significantly so We performed a univariable Cox proportional hazards analysis to identify predictors of waitlist mortality ( Table 2 ). The CEA, 065, 95% CI 1.008-1.126 ). In the ROC curve analysis, the cut-off values for 30-day mortality and 6-month mortality were 8.55 (95% CI 4.50-18.20) and 4.50 (95% CI 3.85-17.60), respectively (Fig. 2) .
DISCUSSION
Vancheri et al. [14, 15] reviewed the characteristics and pathogenesis of IPF, noted its biological similarity to that of cancer and proposed a concept of IPF as a cancer-like disease. Nintedanib, a tyrosine kinase inhibitor, was first developed as a treatment for lung cancer but has since been found to attenuate the decline in pulmonary function in patients with IPF [14, 16] . Thus, we were able to identify a new application for a tumour marker such as CEA, i.e. as a prognostic marker of IPF. Even though CEA may be elevated in patients with terminal lung diseases other than cancer, patients with IPF tend to have higher CEA levels than those with other types of terminal lung disease [5] . In a study of 41 patients with IPF, Fahim et al. [7] reported that the CEA level was correlated with poor lung function and with the extent of fibrosis seen on high-resolution computed tomography. In that study, the authors demonstrated expression of CEA in metaplastic cuboidal epithelium lining the respiratory bronchioles and in metaplastic epithelial cells lining honeycomb cysts in one of their patients and speculated that these cells were a possible source of CEA. Moreover, Rusanov et al. [6] reported that levels of other tumour markers (CA15-3, CA19-9 and CA 15-3) were higher in lung transplant candidates with IPF than in their counterparts with chronic obstructive lung disease.
To the best of our knowledge, this is the first study to demonstrate the prognostic value of serum CEA in predicting mortality in patients with IPF. In this study, there was a relationship between the CEA level and the risk of waitlist mortality. The cut-off values for 30-day and 6-month mortality were 8.55 ng/dl and 4.5 ng/dl, respectively. However, the lung transplant procedure followed in Korea should be borne in mind when interpreting these findings. In Korea, lung transplant candidates seem to be referred to lung transplant centres later than in other countries [17] ; the donor lung allocation system is urgency based, so the waiting time is a less important factor. Therefore, the lung transplant candidates in this study had a relatively high LAS (mean 48.3 ± 10.0) and a low 6MWD [median 100 m (IQR 47.5-235 m)]. In total, 37.3% of the candidates died before transplant, and those who proceeded to a lung transplant had a relatively short waiting time [median 91 days (IQR 36-227)].
The 6MWD is known to be a significant prognostic factor both in lung transplant candidates and in patients with IPF [18] [19] [20] . Recently, Castleberry et al. [18] analysed 12 298 lung transplant candidates using the Organ Procurement and Transplantation Network/United Network for Organ Sharing transplantation database and excluding patients with '0' as their 6MWD result. In that study, ROC curve analysis showed that the optimal 6MWD cut-off values for 30-day and 6-month waitlist mortality were 167.6 m [area under the curve (AUC) 0.812] and 199.6 m (AUC 0.673), respectively. In a subgroup analysis of patients with IPF, the cut-off value for the 6MWD based on 30-day waitlist mortality was 233.1 m (AUC 0.712). Even though approximately 75% of our patients already had a 6MWD lower than the cut-off value for 30-day mortality reported for patients with IPF in the previous study [18] , the 6MWD had significant prognostic value in the univariable Cox regression analysis in our study (HR 0.992, 95% CI 0.987-0.998). Its statistical significance was lost in the multivariable model (Model 1; HR 0.995, 95% CI 0.990-1.000).
LAS has been used in the USA since 2005 and is calculated using various clinical data as the net transplant benefit measure (post-transplant survival minus waitlist survival) minus the medical urgency measure (waitlist survival). By counting waitlist survival twice in the calculation, the LAS gives relatively more weight to transplant urgency than to net transplant benefit [21] . Although the LAS was developed for all lung transplant candidates, its correlation with waitlist mortality has been reported in patients with IPF. Fisher et al. [22] found that the LAS was a significant prognostic factor in 302 patients with IPF (HR 1.06, 95% CI 1.04-1.08). The LAS was also a significant prognostic factor in univariable analysis in the present study (HR 1.051, 95% CI 1.010-1.093). However, its statistical significance was lost in the multivariable model (Model 2; HR 1.037, 95% CI 0.996-1.080).
Lung transplant candidates with IPF already have very poor pulmonary function tests, and some are too sick to even perform these tests; because of this 'ceiling effect', pulmonary function tests might have limited prognostic value in lung transplant candidates with IPF [20] . In the present study, 6.8% of patients could not perform pulmonary tests for FVC or forced expiratory volume in 1 s, and 42.4% could not perform the test for diffusing capacity of the lung for carbon monoxide (DLCO) at the time of evaluation for lung transplant. Lederer et al. compared the 6MWD and FVC as predictors of 6-month mortality in 454 lung transplant candidates listed with the United Network for Organ Sharing. The AUCs for FVC percent predicted and the 6MWD were 0.59 (0.49-0.69) and 0.73 (0.66-0.81), respectively, and the difference was significant (P = 0.02) [20] . Similarly, the GAP stage, which is calculated using 4 variables (gender, age, FVC and diffusing capacity of the lung for carbon monoxide), does not seem to be a suitable predictor of waitlist mortality in lung transplant candidates with IPF [9] . Most candidates for lung transplantation are younger than 60 years, and their GAP stage depends on their FVC and DLCO. Ikezoe et al. investigated the value of the GAP stage as a predictor of waitlist mortality in 33 lung transplant candidates with IPF in Japan. The GAP stage was not a significant predictor in univariable analysis (the GAP Stage II or III, HR 2.70, 95% CI 0.76-9.66; P = 0.13), and this result is consistent with our present findings [23] .
Limitations
Our study had several limitations. First, it had a retrospective design and a small sample size. The LAS was calculated retrospectively using medical records, so cannot be compared directly with that in the study from the USA. Second, this single-centre study was conducted at a tertiary hospital in Korea, and all patients included were Asian, so it is inevitable that the results would have been influenced by donor allocation policy in Korea. Therefore, our findings need to be confirmed in larger cohorts that include patients of different ethnicities and with countries of origin. Third, the CEA level was measured only once at the time of evaluation for lung transplant, so we have no data on serial changes in CEA levels during the wait time. Fourth, other tumour markers that could potentially be related to the prognosis of IPF were not routinely measured.
CONCLUSION
In conclusion, we have shown that the CEA is a possible predictor of waitlist mortality in lung transplant candidates with IPF. Patients with IPF and an elevated CEA level should be monitored carefully. We hope that further studies will be conducted to evaluate additional tumour markers as predictors of waitlist mortality in larger and more diverse groups of patients with IPF.
